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and as the nitriding source in plasma-assisted molecular beam epitaxy of GaN. 3, 4 Nitrogen plasmas contain atomic N, as well as electronically 5, 6 and vibrationally excited N 2 that carry several electron volts of energy above the ground state. Any or all of these highly reactive species can affect the surface and, thus, the deposition chemistry. Several studies in the deposition of GaN using N 2 plasmas have revealed that the properties of the deposited thin films depend on the relative flux of N and excited N 2 (N 2 *) to the surface during growth. [7] [8] [9] Specifically, N 2 * is thought to be more desirable for GaN growth since it facilitates higher film growth rates at lower substrate temperatures with significantly improved electrical properties in comparison to growth with a predominantly atomic N flux. 7, 8 Thus, there is a need to simultaneously characterize the N and N 2 * fluxes impinging on the substrate to determine the role of these precursors during deposition. In this letter, we report the use of modulatedbeam line-of-sight threshold ionization mass spectrometry ͑LOS-TIMS͒ to measure the absolute densities of N and N 2 * in an N 2 plasma. Although TIMS has been used to measure N atom densities, 10,11 N 2 * measurements have not been reported previously. In mass spectrometry, electron impact ionization of a radical and its parent molecule can result in the same daughter ion. For example, N ϩ ions can be formed by both direct ionization of N radicals, (Nϩe→N ϩ ϩ2e with a threshold energy of 14.5 eV͒ and through dissociative ionization of N 2 molecules, (N 2 ϩe→N ϩ ϩNϩ2e with a threshold energy of 24.3 eV͒. The difference in the thresholds for direct and dissociative ionization enables the distinction of the quadrupole mass spectrometer ͑QMS͒ signal due to the radical species ͑N͒ from the signal due to its parent molecule (N 2 ) in the electron energy range between 14.5 and 24.3 eV. This principle for radical detection is referred to as TIMS. Using a similar principle, N 2 * can be differentiated from the ground state N 2 since the threshold for the parent ionization of N 2 * is lower than that for the ground state N 2 . However, it is not possible to determine the identity of the excited species uniquely, that is, it is not possible to determine whether the excited species are vibrationally or electronically excited states of N 2 .
The experiments were conducted in an inductively coupled plasma reactor, in which the plasma is excited using a planar coil powered at 13.56 MHz. 12 The power absorbed by the plasma and N 2 flow rate were kept constant at 750 W and 50 std. cm 3 /min, respectively, while the gas pressure was varied from 10 to 200 mTorr. A QMS coupled with an in-line ''Bessel Box''-type ion-energy analyzer ͑Hiden PSM-2͒ was placed in LOS with the sampling orifice in a three-stage differentially pumped chamber. 13 The gas-phase species impinging on the substrate plane from the plasma were sampled through a 1 mm aperture on the substrate platen. A chopper was used to modulate the beam sampled from the plasma to separate the ions created from the species directly entering the QMS ionizer ͑beam component͒ from the ions created from species already present as background in the differentially pumped chamber ͑background component͒. The QMS signal for N 2 ϩ ions as a function of electron energy is shown in Fig. 2 . The threshold for the direct ionization of N 2 to form N 2 ϩ is at 15.6 eV, corresponding to transitions from the ground vibrational level of the ground electronic state (X 1 ⌺ g ϩ ) of N 2 to the ground vibrational level of the ground electronic state of N 2 ϩ (X 2 ⌺ g ϩ ). However, Fig.  2 shows that the direct ionization threshold is shifted to ϳ12 eV, 3.6 eV below the direct ionization threshold for the ground state N 2 , indicating the presence of N 2 * . The QMS signal due to N 2 * with the chopper open is significantly higher than that with the chopper closed, indicating that the plasma is the source of N 2 * . The presence of some N 2 * signal in the background is due to N 2 * produced by the QMS ionizer filament. Taking into account the time of flight of the neutral species in the molecular beam from the sampling aperture to the QMS ionizer, the only candidates for the N 2 * detected in these experiments are N 2 in the lowest lying electronically excited A 3 ⌺ u ϩ state ͑6.2 eV above ground level, with a radiative lifetime Ͼ2.0 s͒, 14 or vibrationally excited N 2 ͑up to the 27th vibrational level͒ in the X 1 ⌺ g ϩ state ͑Fig. 3͒. All other electronic states of N 2 have a much shorter lifetime than the time of flight to the QMS ionizer. 15 The identity of the N 2 * can be determined by considering various Franck-Condon ͑FC͒ transitions from the relevant N 2 to N 2 ϩ electronic states shown in Fig. 3 . The ground vibrational level of the A 3 ⌺ u ϩ state has a larger mean separation distance (r e ) compared to the X 2 ⌺ g ϩ state of N 2 ϩ ͑15.6 eV above the X 1 ⌺ g ϩ state, Fig. 3͒ . Thus, a FC transition from the ground vibrational level of the A 3 ⌺ u ϩ state to the ground vibrational level of the X 2 ⌺ g ϩ state is improbable, as there is no overlap of the wave functions of these states. For a ground vibrational level, the wave function is a Gaussian centered at r e , and the wave functions for the higher vibrational levels peak at the classical turning points of the potential energy curves. Thus, the observed ionization threshold could correspond to a transition from the center of the ground vibrational level of the A 3 ⌺ u ϩ state to the classical turning point of a higher vibrational level of the X 2 ⌺ g ϩ state or the A 2 ⌸ u state ͑e.g., transition ''a'' in Fig. 3͒ . Such a transition would require ϳ11 eV, much closer to the observed threshold. The other possibility for the N 2 ϩ appearing at ϳ12 eV could be due to the presence of vibrationally excited states within the X 1 ⌺ g ϩ electronic state. In order to observe an ionization threshold of ϳ12 eV, the FC transition would have to be from approximately the 14th vibrational level of the ground X 1 ⌺ g ϩ state to the ground vibrational level of the X 2 ⌺ g ϩ state ͑transition ''b'' in Fig. 3͒ . However, such a transition would correspond to a low FC overlap since the wave functions of vibrationally excited states peak at the classical turning points.
A transition from the turning points of the vibrationally excited X 1 ⌺ g ϩ states to the turning points of vibrationally excited X 2 ⌺ g ϩ ionic state is likely, but will have a much higher threshold ͑14 -15 eV͒, as shown by the vertical line ''c'' in Fig. 3 . Indeed, a careful examination of the data in this region shows a knee in the QMS signal at ϳ14 eV. This cannot be due to the spread in the energy distribution of the electron beam ͓full width at half-maximum ϳ0.5 eV͔ which could shift the 15.6 eV threshold to lower energies. This knee is obvious in the inset shown in Fig. 2 and only in the signal with the plasma on. Thus, based on the potential energy diagram of the N 2 and N 2 ϩ electronic states, we conclude that the most likely candidate for the N 2 * species appearing at 12 eV is the ground and/or vibrationally excited A 3 ⌺ u ϩ state, and the most likely candidate for N 2 * species appearing at 14 eV is the vibrationally excited X 1 ⌺ g ϩ state. The beam components of the QMS ion count rates shown in Figs. 1 and 2 for N and N 2 * , respectively, have to be calibrated to obtain absolute densities. We have used the calibration procedure described previously. 13, 16, 17 The absolute density of X (XϭN or N 2 *), n X on , was calibrated with the signal from the parent ionization of a reference gas ͑Y͒ with known partial pressure and with an m/e value equal to or close to that of the species of interest, using the expression Fig. 4 as a function of the pressure in the plasma chamber. Figure 4 shows that the density of N increases with increasing pressure from 2.9 ϫ10 18 to 1.8ϫ10 19 m Ϫ3 . The density of N 2 * is almost one order of magnitude lower (9.7ϫ10 17 to 2.4ϫ10 18 m Ϫ3 ) except in a narrow range ͑ϳ50 mTorr͒, in which the N 2 * density exhibits a maximum. Initially, the N 2 * density increases with increasing pressure up to 50 mTorr as more N 2 can be excited by electrons. At its maximum value, the N 2 * density is comparable to that of N at the same pressure. However, at high pressures, N 2 * decreases rapidly because collisional quenching with other N 2 molecules becomes the dominant de-excitation process. In contrast, N atom loss through N-N gas-phase recombination requires three-body collisions, which do not begin to compete with loss by diffusion to the chamber walls until higher pressures. Since diffusion losses decrease with increasing pressure, N atom density increases over the pressure range studied. In growth of GaN and other nitride materials, this difference in loss mechanisms and the resulting behavior of N 2 * and N densities with pressure can be exploited to maximize the flux of the nitrogen precursor beneficial for the growth process.
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